This paper studies the Greek railway network (GRAN) by using complex network analysis (CNA) and empirical approach. The study aims to detect the socioeconomic information immanent to the GRAN's topology and to provide insights about how this network serves regional development. The analysis shows that the GRAN's topology complies with the empirical findings on railway networks, which are described by lattice-like characteristics, due to intense spatial constraints, but it outperforms the topology of a lattice and resembles more to a bus-like configuration. The major conclusion, in terms of regional policy, concerns that the GRAN enjoys an effective architecture of bus-topology, but its socioeconomic functionality is not as effective as its topology. Overall, the analysis provides evidence for the utility of applying the network paradigm to transportation research, regional, and spatial studies.
Introduction
Railway networks are among the oldest land infrastructure networks serving transportation needs with the use of technology (Kurant Thiran, 2006; Barthelemy, 2011; Polyzos et al., 2014) . The term "land transportation networks" describes those networks developed on hinterland, which serve transportation without using sea or air modes. Taking into consideration that transportation can be considered as an aspect of human communication submitted to inevitable spatial constraints (Rodrigue et al., 2013, Tsiotas and Polyzos, 2015a) , it is obvious that the structure and the shape of such networks diachronically reflects the historic needs of human communication and depends on the corresponding human capabilities to overcome the spatial constraints (Blumenfeld-Lieberthal, 2008; Rodrigue et al., 2013; Tsiotas and Polyzos, 2015a,b) . For example, the structure, the geometry and generally the shape of road networks is obviously different today than this existed in the past. Structural differences are due to evolution in vehicle, road, and construction work technologies, whereas shape differences are based on changes in the socioeconomic importance of cities being connected by road networks (Rodrigue et al., 2013; Polyzos et al., 2014) .
The study of the specific historic, socioeconomic, and geographic (spatial) conditions surrounding a transportation network contributes to attain a more in-depth knowledge about its structure and functionality and facilitates the process of its modeling. On the other hand, provided that the construction and generally the development of transportation infrastructures is time and money expensive, it can be considered that the form and the topology of transportation networks restrict their further economic and regional development (Blumenfeld-Lieberthal, 2008; Rodrigue et al., 2013; Tsiotas and Polyzos, 2015a,b) , implying that the constructed transportation infrastructures lack of the flexibility to rearrange their topology according to their environmental forces, such as in the case of immaterial (i.e. social) networks (Sgroi, 2008) , and thus they remain inflexible to the rapid socioeconomic changes (Polyzos et al., 2014; Tsiotas and Polyzos, 2015b) .
The elasticity of a transportation network to embody environmental changes depends on its specific characteristics. For example, the structure of land networks is more static than this of maritime or air transport networks, where transportation occurs not in a constructed medium (in contrast to rail or road networks) and thus the spatial constraints are lessen (Rodrigue et al., 2013) .
In Greece, transportation through land networks constitutes a major component of the national and regional economy and a considerable developmental drive (Polyzos, 2011) , due to geomorphology and geopolitical reasons. From one aspect, Greece intermediates two continents (Europe, Asia) and three seas (Black Sea, Aegean, and Mediterranean), where significant trade and similar potentials are developed. On the contrary, the diverse Greek geomorphology, which is both mountainous and insular, restricts the development of land transportation networks and simultaneously favors the development of alternative (competitive) transportation modes (Tsiotas and Polyzos, 2015a) .
Within this framework, this paper studies the interregional Greek Railway Network (GRAN) using complex network analysis (CNA) (Albert and Barabasi, 2002; Barthelemy, 2011) and empirical techniques (Tsiotas and Polyzos, 2015a,b) , aiming to mine the socioeconomic information that is enclosed in the topology of this network and to evaluate its contribution regional development. The remainder of this article is organized as follows: section 2 presents the modeling and the methodological framework used in this study, section 3 presents the results of the analysis and discusses them under the regional science perspective, and, finally, in section 4 conclusions are given.
Methodology

Graph modeling and data
The Greek Railway Network (GRAN) is constructed in the L-space representation (Barthelemy, 2011; Tsiotas and Polyzos, 2015a) as an undirected graph G(V,E), where the nodes V represent railway intersections, whereas the edges Ε represent railway routes running through a single channel without direction changes. Node positioning in the topological map corresponds to the exact coordinates of physical rail intersections, whereas edge length is drawn proportional to their physical distances. The GIS data used for the delineation of GRAN were drafted from the geodata.gov.gr (2010) database, which is s web platform providing open geospatial data and services for Greece and serving as a national open data catalogue. The GRAN was modeled having as spatial weights the kilometric distances between nodes, consisting of V =n=107 nodes and equal in number E =n=107 edges. The physical and its graph representation of GRAN are shown in figure 1. The GRAN constitutes a disconnected graph including, except of the two major interregional rail network components of the land Greece (the north and south), some also local urban components, such as are the electric, the suburban and the metro railways of the Athens region. The GRAN is modeled as an undirected graph without loss of information, because railway routes are by rule constructed bidirectional. Due to data availability, the GRAN has only spatial weights proportional to kilometric distances of each route. 
Network measures and descriptives
Network measures
Graph density (ρ) Fraction of the existing connections of the Graph to the number of the possible connections.
Represents the probability to meet in the GRAN
Measure Description Math Formula a connected pair of nodes. Node Degree (k)
Number of the edges adjacent to a given node, expressing the node's communication potential.
The sum of edge distances being adjacent to a given node.
Mean value of the node degrees k(i),
Total binary distance d(i,j) computed on the shortest paths originating from a given node i ∈ V(G) and having destination all the other nodes j ∈V(G) in the network. This measure expresses the node's reachability in terms of steps of separation.
Fraction of all shortest paths σ(k) including a given node k, to the number σ of all the shortest paths in the network.
Probability of meeting linked neighbors around the node, which is equivalent to the number of its connected neighbors E(i), divided by the number of the total triplets shaped by this node.
Objective function that expresses the potential of a network to be divided into communities. In its mathematical formula, g i is the community of 
Average Path
Length l
Average length d(i,j) of the total of network shortest paths.
Pattern recognition
This part of analysis aims at detecting patterns in the topology of the GRAN, which provide further insights about the network structure and dynamics. Such patterns may emerge from a set of approaches ( (Barthelemy, 2011 ).
• The examination of sparsity (spy) plots: in this approach (Bishop, 2006 ) the GRAN's adjacency matrix is visualized using a spy plot representing with dots its nonzero elements. Next, null-models are constructed that are submitted to the p(k)-equivalent and n-equivalent constraints and their adjacency matrices are also visualized into spyplots. The term p(k)-equivalent is used here to describe the available null-models (lattice, random) that have the same degree distribution with the GRAN, whereas the term nequivalent to describe the available null-models (scale-free, small-world) that have the same number of nodes with the empirical network being under examination. Comparisons between spy plots may provide insights about the topological pattern of GRAN.
• The calculation of the omega (ω) index: this approach was proposed by Telesford et al. (2011) for the approximate small-world detection. According to network theory, the small-world property is defined on a family of graphs, whether the average path length scales logarithmically l =O(logn) as n→∞ (Xu and Sui, 2007; Barthelemy, 2011; Porter, 2012) . Due to the unavailability of studying a family of graphs in empirical cases, the smallworld attribute is detected approximately using the ω index, which compares the clustering of the network being under examination with that of a p(k)-equivalent lattice network The null-models are computed using a random algorithm (Maslov and Sneppen, 2002 ) and the ''latticization'' algorithm (Rubinov and Sporns, 2010) , which both preserve the degree distribution of the original network. Values of ω are restricted to the interval [-1,1] , where those close to zero illustrate the small-world attribute, positive values indicate random characteristics and negative indicate more regular or lattice-like characteristics (Tsiotas and Polyzos, 2015b ).
• Visualization of network measures' spatial distributions: in this approach, nodes in the network's geographical map are colored proportionally to the values they have for a certain measure or attribute (Heymann, 2014) . This visualization contributes detecting the spatial patterns of the network measures and the differences in their spatial distributions (Tsiotas, 2017) .
• Correlations between connectivity and traffic: correlations between degree (k) with betweenness centrality (C b ) and strength (s), namely (k, C b ) and (k, s) respectively, are broadly used to detect homogeneity between connectivity and network traffic. Since GRAN has only spatial weights, the (k, s) correlation does not suffice to provide traffic information, whereas the (k, C b ) correlation does it indirectly. Further, provided that the node-degree (k) is a discrete measure, the cases (k, C b ) and (k, s) are being classified into p groups (k=i, {C b : k=i}) and (k=i, {s: k=i}), with i=1,2,…,k max =p. Consequently, power-law fittings are applied to average C b and s values per degree-case (k=i), namely to pairs (k=i,
When b (k, Cb) >1 it implies that hubs are those undertaking the biggest proportion of the network traffic, whereas b (k, s) >1 it illustrates that hubs undertake the distant communication (Barthelemy, 2011 ).
Empirical Analysis
Empirical analysis is performed to a set of structural variables of the railway network, being compared with other available spatial, economic, demographic, and tourism variables. All variables were edited to refer to regional scale (NUTS II), since the nodes in their physical scale do not have any practical physical or regional economic utility. The variables participating in the empirical analysis are shown in table 2. In the part of empirical analysis, an independent-samples t-test is applied to the set of the available variables. This test compares the difference of the means µ α and µ β between two discrete groups {X α , X β } that originate from the same variable X. The null hypothesis states that these means are statistically equal (H o : µ α = µ β ), whereas the alternative hypothesis expresses that they are different (
The algorithm of the test applies a sub-procedure with the Levene's test to examine whether the variances between these two groups are equal and provides separate results per case (separate/unpooled and pooled variances), which are valid depending on their significance (Hays, 1981; Norusis, 2004) .
In this analysis, the groups are formulated according to the binary variable GRAN INDEX , which is a dummy variable assigning the value one (1) to the prefectures that include railway infrastructures and zero (0) otherwise. Provided that the railway network does not cover the total area of the Greek territory (serving almost the half -26/ 51 -regions), the purpose of applying this test is to detect whether the prefectures with railway network show different socioeconomic performance in regard to the variables being under examination. Specifically, the cases rejecting the null hypothesis (concluding that µ α ≠ µ β ) interprets that the prefectures having railway transportation infrastructures either show better or worse performance (depending on the sign of the difference µ=µ α -µ β ) than those without railway connection, in regard to concept of variable X.
Results and Discussion
Calculation of network measures
The network measures calculated for the GRAN are shown in table 3, where it is observed that GRAN is composed by 8 connective components, without including any isolated nodes (k GRAN,min ≠0) and self-connections n e ii ∈E (
The maximum degree of this railway network is k GRAN,max =3, whereas its average degree is k GRAN =2. This result complies with the corresponding value k ≈2.1 of the Swiss railway network that was studied by Kurant and Thiran (2006) . The average weighted degree of GRAN is k w GRAN =45.783km and it expresses the total length of railway connections attached on average to a node of this network. The average neighbor degree, which is defined as the average of the average degrees ( k j ) that are computed along the neighbor-sets Ν(ν i ) for every node
338. This expresses that, on average, a node is connected with neighbors of average degree equal to 1.338 connections.
According to an observation made by during the study of the Greek Aviation Network (GAN), which concerns the relation between the measures of average neighbor degree and average degree,
expresses that it is more possible for a randomly chosen network node to be of higher degree than its neighbors. For the GRAN's topology, this inequality implies that the majority of nodes are connected with the maximum (or close to the maximum) degree and thus it is more probable to meet a hub in this network, where the existence of a spoke connection among its neighbors contributes to the decrease of the average nearest neighbor degree. Additionally, the average weighted nearest neighbor degree of GRAN is k N (v ),w GRAN =30.618km and expresses the total kilometric (spatial) distance of the edges adjacent to a node (total length of neighbor connections). The previous inequality between average degree and average nearest neighbor degree is also valid and in the kilometric-weighted case ( k N (v ),w GRAN < k w GRAN ), illustrating that the topology of GRAN resembles to this of a bus. In such a topology, the nodes that are arranged along the central bus-axis are usually hubs and distant to each other, whereas the hubs are connected in periphery with spokes that are closer than the inter-hub distances. order O( n )= 107 ≈10.344 that corresponds to a twodimensional lattice network of the same number of nodes (see Barthelemy, 2011 ). This result obviously reflects the constraints of planarity, which are immanent in the GRAN due to its lattice-like structure. Next, the longest binary path in the GRAN is 30 steps (edges), whereas the longest kilometric is 640.42km. Whether considering the GRAN as a planar graph, its density is ρ 1 =0.340, expressing that this railway network includes the 34% of the possible connections that can be developed in the plane for the given number of nodes n GRAN . In contrast, whether considering the GRAN as a non-planar graph, its density is ρ 2 =0.019, expressing that this network includes the 1.9% of the possible connections that can be developed in the space for the n GRAN nodes.
The clustering coefficient of GRAN equals to C GRAN =0.047 and average node clustering coefficient is C GRAN =0.074, which is significantly greater than this of an ER-random graph C ER~ 1/n=1/107=9.3·10 -3 . Finally, the GRAN's modularity is Q GRAN =0.843, expressing that this network has a great potential to be divided into communities.
Pattern recognition
The initial approach for the GRAN's pattern recognition is the examination of the degree distribution typology, according to the scatter plots (k, n(k)) shown in metric and logarithmic scale in figure 2 . Due to lack of (k, n(k)) cases, the procedure of fitting a curve to these data is not a safe approach for pattern recognition of the railway network (Stumpf and Porter, 2012; Tsiotas and Polyzos, 2015a). However, the obvious non-collinear arrangement of the p(k) cases shown in the logarithmic scale (figure 2) illustrates that the typology GRAN does not correspond to a power-law pattern and thus it is far from to be described by the scalefree or small-world property. Further, the GRAN's degree distribution p(k) in the metric scale shows a peak at the value k=2, which complies with the general empirical observation ruling the railway and the broader spatial networks submitted to intense spatial constraints (Barthelemy, 2011) . At next, the spy plots (Bishop, 2006) are constructed from the adjacency matrices (a) of the GRAN, and of four node-equivalent (n=107=constant) networks (null-models), which have the (b) scale-free, (c) lattice, (d) small-world, and (e) random network property, respectively (figure 3). Among these, the null-models (c) and (e) have in addition the same degree distribution p(k) with GRAN. The comparison of the GRAN's spy plot with the (b)-(e) nullmodels illustrates that the sparsity pattern of the network being under examination resembles more with these of (c) lattice network and (e) random graph. Provided that the GRAN represents a railway network, the most proper typology between these two is this of the lattice network. This deduction is expected to be verified at next, with the calculation of the omega (ω) index, which is proposed by Telesford et al. (2011) and examines approximately whether the network is ruled by the small-world property or it is described by random-like or lattice-like characteristics . Fig. 3 . Sparsity (spy) plots constructed from the adjacency matrices (a) of GRAN and of four node-equivalent (n=107=constant) networks, which have the (b) scale-free, (c) lattice, (d) small-world, and (e) random network property, respectively. Among these null-models, the cases (c) and (e) have in addition the same degree distribution p(k) with GRAN.
The results of the approximate small-world detection (omega index calculation) for the GRAN are shown in table 4. The index has a negative value ω=-0.121, indicating the existence of lattice-like characteristics, which is however closer to the center than to the borders of the index's image I ω =[-1,1], namely 0 − ω = 0.121< 1− ω = 0.879 < −1− ω = 1.121. This observation interprets that the GRAN is obviously more probable to be of lattice-like than of random-like characteristics, but such characteristics are not intense enough to define this empirical network as a pure lattice. Additionally, this interpretation complies with the previous findings stating that the topology of GRAN resembles to the topology of a bus, which is structurally an elegant topology, obviously not a random, and probably closer to this of a small-world than to a lattice network ( Afterwards, the spatial distributions of the fundamental topological and centrality network measures of the GRΑN (degree, betweenness, closeness, clustering, modularity, and strength) are visualized to the maps of figure 4 and being examined. First, the spatial distribution of degree (k) (figure 4a) seems to verify the previously detected bus topology, since the network hubs (shown in bigger size) in the GRAN are arranged along a basic axis (i.e. the bus), whereas the other nodes (shown in smaller size) are arranged vertically to the bus, in branches. Next, the central nodes in respect to betweenness centrality (C b ) (figure 4b) are more concentrated than the degree hubs. In particular, the C b -hubs are arranged along a smaller length of the bus-route, which are located in the center of the GRAN. The spatial distribution of closeness centrality (C c ) (figure 4c) shows an expected pattern, whether taking into consideration the network's cutoff at the location of Attica. According to this pattern, the closeness-hubs are also being arranged along the bus-route and are close to the geographical centers of each network components.
At next, the spatial distribution of the clustering coefficient (C) (figure 4d) presents a rather simple pattern. High C-values are located at the central part of the north (above Attica) and south (at Peloponnesus) components of the GRAN, which concern the regions of VeroiaThessaloniki and Messinia, respectively. In this case, the Chubs are also geographically dependent and are distributed along the bus-axis. In contrast, the spatial distribution of the measure of modularity classification (Q) (figure 4e) follows a complex pattern, which however shows a geographical consistency. In particular, the north GRAN's component is divided to six communities, the south is separated to two, and this of Attica forms six communities.
Except from the region of Attica, which includes the majority of the GRAN's physical components, the communities shaped in the other two physical components (north and Peloponnese) of this railway network seem to be controlled by geographical criteria, complying with other empirical findings on railway networks (Sen et al., 2003 , Barthelemy, 2011 . Finally, the spatial distribution of the measure of spatial strength (s) (figure 4f) shows an inverse pattern in comparison with this of C c , which is expected whether taking into consideration the calculation formula of s. Particularly, since s is computed by summing distances of edges adjacent to a given node, high s-values describe nodes that are more distant to their neighbors than others. In contrast, high values of C c describe nodes that are closer to all the others in the network. Geographically, the s-hubs are located at the northern part of the GRAN, in the region of Thrace including the longest network edge. (Barthelemy, 2011) . This observation implies that, although the GRAN is a land network, the forces controlling the relationship between hubs of connectivity (k) and traffic (C b ) are more similar to networks with "smoother" spatial constraints, such as maritime and air transport networks, than of land transport networks. This interpretation illustrates that the bus topology ruling a railway network is more optimum than this of lattice-like topology describing the majority of road networks. On the other hand, the relation s k=k i = f k ( ) , between network degree k and average strength s k=k i , has a power-law exponent β GRAN(k-s) =0.854, which is closer to the magnitude of the road network cases, where β ROAD_NETS(k-s)~0 .7-0.9, than of maritime (β WAN(k-s) =1.3) or air transport networks (Barthelemy, 2011) . This is in contrast to the previous observation, implying that the forces controlling the relationship between hubs of connectivity (k) and spatial strength (s) of the GRAN are more similar to those of landtransport networks than of networks with lessened spatial constraints. Overall, the previously examined correlations illustrate that the bus-like topology of GRAN is more optimum in terms of traffic-management (
of distance-management (k i , s k=k i ), comparatively to the road network transportation.
Empirical Analysis
This section empirically examines whether the railway infrastructure of Greece is related to other regional socioeconomic measures and indices. An independent samples t-test is applied on the available variables of table 2, which are grouped according to the dummy variable GRAN INDEX distinguishing the prefectures with railway infrastructures (1) and not (0). Significant cases indicate that these groups (GRAN INDEX =1 and 2), within the examined variable, are statistically different, implying that the existence of railway infrastructures is related to the observed difference and thus they may suggest a determining factor for this variable. The test is applied twice, first to variables including the metropolitan regions of Attica and Thessaloniki (n=51), which are the only exceeding the population threshold of 1.000.000 people, and second to variables excluding the metropolitan cases (n=49). This approach targets to capture any latent effects of these metropolitan regions to the available variables. The results of the empirical analysis are shown in table 5. According to the results of table 5, the following observations can be made:
• The prefectures with railway network do not have longer road network (variable GRN LENGTH ) than the others. This implies that the railway and road transportation do not share competitive roles.
• The prefectures with railway network are of greater area (variable AREA) than the others, a fact that is probably related to the massiveness of this transportation mode (train) and illustrates that railway infrastructures tend to be developed in sized regions. From another perspective, this result implies that a primary developmental force of railway network in Greece was the connection of land regions to promote agricultural productivity.
• The non-metropolitan regions (n 2 =49) with railway infrastructure have lower road network density (GRN DEN ) than the prefectures that do not have railway network. This result illustrates the competitive role of railway and road network in the Greek territory (excluding metropolitan cases). This observation, in conjunction with the previous concerning the variable GRN LENGTH , illustrates that the metropolitan regions seem to enjoy both (road and railway) facilities and, due to their size, to counterbalance this competitiveness.
• The existence of railway network appears unrelated to the number of ports included in each prefecture (PORTS) and thus to the Greek maritime transportation.
• The regions with railway network have greater indirect population potential (IPP) than the others, which implies that they have better accessibility to the economic activities of the other prefectures and thus better potential to regional growth.
• Similarly, the prefectures with railway network have greater direct population potential (DPP) than the others and thus better accessibility to the economic activities being developed within their region.
• The existence of railway infrastructure is related to the regional domestic product (GDP) just for the case of non-metropolitan prefectures (n 2 =49). In particular, the regions of the Greek territory with railway network appear higher GDP values than the others, a result that verifies the general interactive role between regional development and transportation (Polyzos, 2011) , but it also illustrates an outdated growth model between transportation and regional development in Greece, which is probably immanent from the industrialization era, where the railway infrastructure was a fundamental factor of regional development.
• Also, for the non-metropolitan case (n 2 =49), the existence of railway infrastructures is related to the regional primary productivity specialization (A SEC ). Particularly, the regions of the Greek territory that have railway network appear to be more specialized in the primary sector than the other regions. This observation, despite that it does not suffice to document causality, implies that railway infrastructures of the country facilitate agricultural productivity. From the planner's perspective, this result interprets that a major criterion for the railway network's design in Greece (initiated at the late 1860s) was obviously to facilitate the regional development, which was supported mainly by the primary sector at that time. Capturing such information from a modern socioeconomic data set, illustrates that the productivity basis in the regions of the Greek territory remained constant and controlled by the primary sector, which although is a positive insight in terms of stability it necessitates examination, as a further research, in terms of evolution.
• Complementary to the previous observation, the regions with railway network are less specialized to the tertiary sector (C SEC ) than the others, which validates the outcome of the test for the variable A SEC and its relevant interpretations.
• The existence of railway infrastructures appears to be unrelated to the tourism specialization (T GDP ), implying that the Greek tourism is supported by other transportation modes that are obviously more modern than rail transport.
• Further, the existence of railway network appears unrelated to the distribution of the agro-industrial investments (AGR INV ), despite that it is found to be related with the regional primary specialization (A SEC ). This result is an aspect of complexity ruling the agro-industrial investments in Greece, which seems not to follow the traditional model of "regional development-transportation" that described the t-test results for the variable A SEC .
• The prefectures with railway infrastructures present better performance in regional productivity dynamism (RPD), verifying the observation about the contribution of the railway network to the regional growth.
• Next, the existence of railway network is related to regional population (POP) just for the non-metropolitan case (n 2 =49). Specifically, the regions of the Greek territory with railway network appear denser in population than the others, illustrating that the GRAN structure is gravity controlled. The fact that the metropolitan case (n 1 =51) does not provide significant results seems to be more due to heterogeneity in magnitude of metropolitan cases that increase the range of the confidence intervals rather than of any other physical interpretation, since the metropolitan regions are denser in population than others.
• In accordance with the population case, the existence of railway infrastructures appears to be related to the welfare index (µεταβλητή WELF), also just in the nonmetropolitan case (n 2 =49). This result expresses that the regions of the Greek territory with railway network are less prosperous than the others, which implies the low "quality" level of services related to railway transportation.
• The existence of railway network is unrelated both to the educational level of population (EDU) and to the urbanization index (URB) of the prefectures. This seems reasonable, whether taking into consideration that the railway is a mode of massive transport that is accessible to all socioeconomic layers, whereas EDU and URB are variables related to higher level of social activation.
• The prefectures with railway infrastructures appear more tourism saturated (R) than the others. This result, in conjunction with the unrelated behavior captured for the variable of tourism specialization (T GDP ), implies that while the GRAN is a transportation mode serving tourism, this functionality does not succeed to be profitable to the regions equipped with the railway facility.
• The existence of railway network appears unrelated to the TALC growth coefficient for the number of tourists (R T ), which complies with the previous result and implies that although the transportation infrastructures in the country of destination serve tourism, they do not suggest a tourist attraction by themselves.
• Finally, the railway network is related to the TALC growth coefficient for the number of overnight stayings (R ST ), just for the non-metropolitan case (n 2 =49). This result expresses that the tourists visiting Greece prefer to stay less days to regions of the Greek territory that have railway infrastructure than those they do not have. This may imply that the regions with railway network are more specialized in tourism by providing transportation services than to offer any other attraction or leisure facilities.
Conclusions
This paper studied the Greek railway transportation network by using complex network analysis and empirical approach. The purpose of the study was to detect the socioeconomic information immanent to the GRAN's topology and to provide insights about how the network structure of this transportation network serves and promotes regional development. The GRAN was constructed in the L-space representation as a non-directed graph, where nodes represent route intersections and edges express intermediate railway routes. The topological analysis showed that GRAN is submitted to obvious spatial constraints, which were evident by the peaked shape of the degree distribution, the resemblance of the GRAN's spy plot with this of a latticelike null model, the lattice-like indication of the ω-index (for the small-world property approximate detection), the typology of the correlations (k, C b ) and (k, s), the geographical coherence of the community detection, and the patterns revealed in the spatial distribution of the fundamental network measures.
The topology of the GRAN appeared to share lattice-like characteristics, which are consequent to the spatial structure of this network. However, certain findings, such as the inequality detected between the average degree and average nearest neighbor degree, the spatial distribution of the measures of degree and closeness centrality, and the powerlaw exponent of the correlation (k, C b ) provided indications that the topology of this railway network is better than a lattice and resembles to a bus-like topology.
The empirical analysis was applied to a set of nodevariables (with elements values computed for each node) of the GRAN, with network, spatial, economic, demographic, and tourism information. In order to detect the influence that the metropolitan regions (population > one million) of Attica and Thessaloniki have to the configuration and functionality of railway transportation in Greece, the empirical analysis was separated into two parts; the first including in the variables the metropolitan cases and the second excluding them. Afterwards, an independent-samples t-test was applied for each part, by grouping the variables to cases including a railway network and to those they not include railway infrastructures.
The results showed that railway infrastructures in Greece are developed in sized regions, support access to own and other regions' economic activities, operate competitively to tertiary specialization, and although they serve tourism they do not provide tourism specialization. Especially for the Greek territory (non-metropolitan case), regions with railway infrastructure have greater population but less road network density, are more specialized to the primary productivity sector, are less prosperous than others, and are related to tourism more by providing transportation services than to offer any other attraction or leisure facilities.
Overall, the analysis provided evidence for the utility of complex network analysis in regional and spatial studies, showing that the GRAN enjoys an effective architecture of bus-topology, but its socioeconomic functionality is not as effective as its topology. The railway infrastructures in Greece seemed to follow an outdated growth model related to the support of primary productivity, but without promoting the welfare of their regions equivalently. This finding should alert the policy makers to focus on the direction of upgrading the railway facilities in order not only to be profitable, but also to facilitate the way of living.
